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a  b  s  t  r  a  c  t
A  majority  of messenger  RNA  precursors  (pre-mRNAs)  in  the higher  eukaryotes  undergo  alternative  splic-
ing to  generate  more  than  one  mature  product.  By  targeting  the  open  reading  frame  region  this  process
increases  diversity  of  protein  isoforms  beyond  the  nominal  coding  capacity  of the  genome.  However,
alternative  splicing  also  frequently  controls  output  levels  and  spatiotemporal  features  of  cellular  and
organismal  gene  expression  programs.  Here  we  discuss  how  these  non-coding  functions  of alternative
splicing  contribute  to  development  through  regulation  of  mRNA  stability,  translational  efﬁciency  and
cellular  localization.
©  2015  The  Authors.  Published  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Eukaryotic genomes contain a large number of intronic
sequences that “split” gene-encoded messages at the level of
DNA and mRNA precursor transcripts (pre-mRNAs) but are spliced
out from the mature mRNAs [1]. A large ribonucleoprotein
complex called the spliceosome catalyzes this reaction either co-
transcriptionally or following the release of a nascent transcript
from the RNA polymerase complex [2–5].
Soon after the discovery of split genes [6,7] it became obvious
that some pre-mRNAs can be spliced in more than one way  to give
rise to distinct mature products [8,9]. Subsequent studies showed
that such alternative splicing (AS) events are extensively controlled
by cis-regulatory RNA sequences and trans-acting splicing factors
[3,10,11]. Moreover, a number of AS topologies have been described
including selection between alternative 5′ or 3′ splice sites, cassette
exons, mutually exclusive exons, alternative 5′ or 3′ terminal exons
(A5Es and A3Es), intron retention (IR) and a range of combinations
between these possibilities [10,11] (also see Fig. 1).
Abbreviations: A3E, alternative 3′ terminal exon; APA, alternative cleavage and
polyadenylation; ARE, AU-rich element; AS, alternative splicing; IR, intron reten-
tion; NMD, nonsense-mediated decay; NMTR, nonsense-mediated translational
repression; NRE, nuclear retention and elimination; nt, nucleotide; PTC, premature
termination codon; RUST, regulated unproductive splicing and translation; uORF,
upstream open reading frame.
∗ Corresponding author at: MRC  Centre for Developmental Neurobiology, Guy’s
Hospital Campus, New Hunt’s House, King’s College London, London SE1 1UL, UK.
E-mail address: eugene.makeyev@kcl.ac.uk (E.V. Makeyev).
Recent work demonstrated that more than 90% of intron-
containing pre-mRNAs in mammals might undergo AS [12–14].
What could be biological functions of this widespread regulation?
One answer appears to be an effective increase in the coding capac-
ity of the genome. Indeed, ∼21,000 human genes are estimated to
give rise to ∼80,000 differentially spliced mRNA species [15] that
often encode distinct protein isoforms. Such AS-mediated expan-
sion of proteome complexity might have facilitated progressive
evolution of multicellular eukaryotes [16,17].
However, a large fraction of AS events occurs in the 5′ and 3′
untranslated regions (UTRs) of mRNA ﬂanking the open reading
frame (ORF). This has no effect on the polypeptide sequence but
instead may  modulate other aspects of mRNA behavior. Moreover,
mounting evidence suggests that many AS-mediated changes in
the ORF sequence can also modify mRNA stability, translational
activity and subcellular localization [18–23]. Here we discuss how
such non-coding functions of AS events in the 5′UTR, 3′UTR and
ORF-encoding regions contribute to development with a particu-
lar focus on recently published examples (see Fig. 1 for a graphical
summary).
2. The 5′UTR
Eukaryotic gene expression is extensively controlled at the
level of mRNA translation and stability and the 5′UTR  plays an
important part in this regulation [24,25]. Mature mRNAs can
acquire distinct 5′UTR sequences through alternative utilization
of transcription initiation sites or 5′-proximal non-coding exons.
Mechanisms underlying promoter choice in development have
http://dx.doi.org/10.1016/j.semcdb.2015.10.018
1084-9521/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Role of AS in mRNA stability, translational activity and subcellular localization. Top, examples of relevant AS topologies; mid, mature mRNA containing 5′ and 3′UTRs
ﬂanking the protein-coding ORF; bottom, downstream regulation outcomes of AS events in the corresponding regions.
been extensively reviewed elsewhere (e.g., [26]) and we will con-
sider only bona ﬁde AS events below.
2.1. Upstream ORFs
A widespread mechanism modulating mRNA translational efﬁ-
ciency depends on short upstream open reading frames (uORFs)
encoded in the 5′UTR sequence. uORFs tend to reduce transla-
tion efﬁciencies of downstream protein-coding ORFs or destabilize
mRNAs through nonsense-mediated decay (NMD) [27–30] (also see
Section 4.1 for further description of NMD). Notably, uORFs are
found in up to 50% of mammalian genes and their utilization is
frequently regulated by AS [31,32].
A relevant example is provided by the adiponectin receptor 1
gene (ADIPOR1) involved in the regulation of cellular glucose uptake
and body size [33]. In one of the ADIPOR1 mRNA isoforms, inclusion
of the alternative exon 1c into the 5′UTR leads to the appearance of
two translationally repressive uORFs [34]. Notably, exon 1c utiliza-
tion increases during differentiation of myoblasts into myotubes
and correlates with insulin sensitivity thus suggesting a role for
this AS event in normal muscle development and the onset of type
2 diabetes.
Similarly, utilization of a non-coding cassette exon can modify
the 5′UTR of mRNA encoding human Disc Large Homolog 1 (DLG1),
a scaffolding protein expressed in epithelial cells and required for
proper cardiovascular development [35]. This exon interferes with
DLG1 translation at least in part by introducing a short uORF into
the 5′UTR sequence.
Intron 1 in the 5′UTR of mRNA encoding chick proinsulin,
an insulin precursor essential for proper development and
metabolism, is increasingly retained during embryogenesis, thus
reducing mRNA translational activity and lowering proinsulin pro-
duction [36]. This intron-retaining isoform is up-regulated during
transition from gastrulation to organogenesis in the heart but not
the pancreas, thus contributing to establishment of normal proin-
sulin expression patterns. A similar IR event in the mouse proinsulin
pre-mRNA also occurs in development but has no detectable effect
on mRNA translation [37]. This difference might be due to the pres-
ence of multiple uORFs in the chick but not the mouse intron 1.
Surfactant protein A (Sp-A) is a surface-coating protein involved
in immune response and normal functioning of the lung [38]. The
human SP-A locus comprises two  functional genes called SP-A1 and
SP-A2 and both of them can generate a number of 5′UTR variants
through combinatorial utilization of four alternative exons [38–40].
At least one of these mRNA species, the Sp-A1 ACD’ isoform, con-
tains an uORF that has been shown to dampen protein production
[40].
Finally, 15 different 5′UTR variants have been identiﬁed for
the glucocorticoid receptor (GR) mRNA in humans and 11 and 10
in rat and mouse, respectively [41]. These arise by splicing of a
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constitutive 5′-most exon 1s with variable downstream exons con-
trolling GR translation through the uORF-dependent mechanism
and regulating mRNA stability in an uORF-independent manner.
2.2. Secondary structure elements
Another common strategy depends on AS-regulated changes in
the 5′UTR secondary structure. Developmentally controlled reten-
tion of intron 1 in transcripts encoding the spliceosome assembly
factor RNP-4F generates two major 5′UTR variants in Drosophila
[42]. The retained 177 nt-long sequence and parts of the down-
stream exon 2 fold into a stable stem-loop structure facilitating
translation of the downstream ORF in the mRNA isoform with the
longer 5′UTR variant. Interestingly, RNP-4F protein appears to pro-
mote splicing of the retained intron 1 within its own  pre-mRNA,
which may  function as a negative feedback maintaining RNP-4F
expression homeostasis [43].
The ZIF2 gene in Arabidopsis generates a fully spliced mRNA
called ZIF2.1 and an alternative isoform, ZIF2.2, containing an
unspliced intron in its 5′UTR [44]. Although both isoforms encode
the same transporter protein required for zinc (Zn2+) tolerance,
ZIF2.2 produces a stronger protective effect in transgenic plants
than ZIF2.1. This effect is mediated by Zn2+-dependent activation
of translation through a stable stem-loop element present in the
5′UTR of ZIF2.2 but not ZIF2.1. Importantly, increased concentra-
tions of Zn2+ dramatically stimulate expression of the longer ZIF2.2
isoform thus providing a mechanism for adaptive environmental
stress response.
In another example, human proinsulin 5′UTR has two  closely
positioned alternative 5′ splice sites. These give rise to two mRNA
products that differ in length by 26 nt and have distinct secondary
structures of the 5′UTR [45]. Interestingly, the longer isoform also
shows a higher translational efﬁciency and its expression in the
pancreas is stimulated by glucose [45]. Thus, metabolic cues can
ﬁne-tune pancreatic proinsulin production through AS of the 5′UTR.
3. The 3′UTR
This region tends to play a critical part in mRNA stability, trans-
lational efﬁciency and localization and contain developmentally
important cis-elements. Similar to the 5′UTR deﬁned through tran-
scription start site choice and 5′-terminal splicing patterns, two
distinct molecular processes can modulate 3′UTR composition: AS
and alternative pre-mRNA cleavage and polyadenylation (APA). We
will discuss the role of splicing in this process referring the reader
to several excellent reviews on mechanisms and functional conse-
quences of APA [46–48].
3.1. microRNA-binding sites
microRNAs (miRNAs) are ∼22-nt long endogenously encoded
regulators of mRNA translation and stability that play important
roles in essentially all aspects of development [49–51]. miRNAs
function through sequence-speciﬁc interaction with their cognate
binding sites located predominantly in the 3′UTRs of mRNA tar-
gets. Importantly, availability of approximately one third of miRNA
binding sites may  be controlled by 3′UTR-speciﬁc AS [52].
For example, divalent metal transporter 1 gene (DMT1) contains
two alternative 3′ terminal exons (A3Es), exons 16 and 17 [53].
This produces two different mRNA isoforms encoding protein iso-
forms either containing iron response element (DMT1 + IRE; exon
16 inclusion) or lacking this element (DMT1-IRE; exon 17 inclu-
sion). Exon 17 carries a binding site for miRNA let-7d, which limits
the expression of the DMT1-IRE but not the DMT1 + IRE protein
isoform in erythroid precursor cells. During erythroid differenti-
ation, let-7d is naturally down-regulated thus allowing DMT1-IRE
to become more prevalent than DMT1 + IRE. Notably, let-7d over-
expression results in impaired erythroid cell differentiation due to
accumulation of iron in the endosomes, consistent with deregula-
tion of the DMT1 isoform ratio.
Transcripts encoding methyl-CpG binding protein MBD2
provide another example of functional coupling between AS and
the miRNA pathway [54]. In this case, selection between two A3Es
gives rise to MBD2a and MBD2c protein isoforms. Both isoforms can
interact with promoter regions of the stem cell-speciﬁc genes OCT4
and NANOG. However, the downstream effect of this interaction
is isoform-speciﬁc: MBD2a promotes human pluripotent stem cell
differentiation, whereas MBD2c activates OCT4 and thus reinforces
the stem cell status. Interestingly, OCT4 stimulates utilization of
the MBD2c-speciﬁc A3E through splicing factor Srsf2/Sfrs2/SC35.
On the other hand, OCT4 mediates production of microRNAs from
the miR-302 family, which target the MBD2a- but not the MBD2c-
speciﬁc 3′UTR. These positive feedback mechanisms facilitate stem
cell maintenance.
Regulated A3E choice also orchestrates miRNA regulation
of the sarcoplasmic/endoplasmic reticulum Ca2+-pump Serca2
during differentiation of ESCs into cardiomyocytes [55]. Develop-
mental transition from the ESC-speciﬁc isoform Serca2b to the
cardiomyocyte-speciﬁc isoform Serca2a is essential for proper car-
diac function. Several miRNAs including miR-200b and miR-214
target the 3′UTR of Serca2b but not Serca2a and thus contribute to
the mutually exclusive expression of the two isoforms in the heart
and other tissues.
Similarly, the anti-apoptotic Bcl2 gene gives rise to two mRNA
isoforms: Bcl2 containing the 3′-terminal exon 3 and encoding
the fully functional Bcl2 protein and Bcl2 terminated at an inter-
nal APA competitor of the terminal exon 3 and encoding a truncated
isoform [56]. The 3′UTR of Bcl2 but not Bcl2 is targeted by miR-
204 in human cells leading to selective down-regulation of the
former isoform in the presence of this mRNA. As an additional layer
of regulation, the RBP Tra2 can bind to the miRNA target site and
rescue Bcl2 from miR-204 mediated repression. Notably, reduced
Tra2 or elevated miR-204 levels can decrease Bcl2 expression
and trigger apoptosis.
3.2. AU-rich elements
RNA-binding proteins (RBPs) control virtually all aspects of
mRNA behavior in the cell [57,58]. An archetypal example of this
regulation mode is 3′UTR-enriched AU-rich elements (AREs) that
modulate stability and translational activity of multiple mRNA tar-
gets by recruiting corresponding RBPs [59–62]. Similar to miRNA
binding sites, AREs can be regulated by AS [63].
For instance, the choice between three A3Es in mRNA of
human parathyroid hormone-related protein (PTHrP) involved
in bone development gives rise to 139, 173 or 141 amino acid
(aa)-long protein species [64]. Of the three mRNA isoforms, the
one encoding the 141 aa-long protein is the least stable due
to the presence of AREs in its 3′UTR. However, exposure to
Tgf results in stabilization of this mRNA through a yet-to-be
identiﬁed mechanism potentially regulating PTHrP expression in
development.
An opposite effect has been reported for mRNAs encoding -
catenin, an important component of the Wnt  signaling pathway
[65]. In this case, three different 3′UTRs are generated through
alternative use of intron 15 and exon 16A and all of these vari-
ants contain AREs [66]. Surprisingly, the AREs appeared to stabilize
the two shorter isoforms containing one or two exon–exon junc-
tions within their 3′UTRs while having no effect on their longer
counterpart. Cellular -catenin protein levels showed the strongest
correlation with expression levels of the shortest and the most
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stable isoform hinting at possible functional importance of the ARE-
dependent stabilization.
3.3. Other elements regulating mRNA stability and translation
In several cases, AS-regulated 3′UTRs have been shown to
control protein expression levels through poorly understood mech-
anisms. For instance, inclusion of exon 23 into integrin 7 (Itga7)
mRNA gives rise to a protein with altered C-terminus and concomi-
tantly extends the 3′UTR sequence [67]. The exon 23-containing
isoform is speciﬁcally expressed in differentiated myogenic cells
but not in proliferating precursors where it appears to be destabi-
lized by a yet-to-be identiﬁed mechanism.
TDP-43 protein implicated in amyotrophic lateral sclerosis and
frontotemporal dementia auto-regulates its own expression by a
complex change in the 3′UTR involving APA and intron splicing [68].
Notably, the mRNA isoform produced in the presence of increased
amounts of TDP-43 protein is retained and subsequently degraded
in the nucleus thus providing a mechanism for TDP-43 homeostasis.
This regulation is evocative of examples discussed in Section 4.3;
however, additional studies will be required to fully understand its
molecular details.
An example of translational regulation is the mRNA of conserved
polarity factor Par-5 directing asymmetrical cell division and sub-
sequent cell type speciﬁcations in one-cell C. elegans embryos [69].
Par-5 protein levels are regulated by alternative processing of the
3′UTR sequence. The longer 3′UTR isoforms 1 and 2, exhibit higher
translational efﬁciencies than the shorter isoform 3 thus point-
ing to a presence of translation activation element(s) in the 3′UTR
extension. Although molecular mechanisms regulating Par-5 iso-
form translation are presently unknown, this circuitry is regulated
during development and essential for robust polarization of the
embryo.
CPEB1 is an RNA-binding protein regulating mRNA polyadenyla-
tion status and translation in the cytoplasm and essential for proper
oocyte development [70,71]. CPEB1 can also localize to the nucleus
where – besides its other activities – it can regulate AS by inhibiting
RNA recruitment of the core spliceosome component U2AF65. An
important consequence of this regulation is a switch to an alter-
native 3′UTR in the mRNA encoding the mitotic checkpoint protein
Bub3 [72]. This has been shown to stimulate Bub3 mRNA translation
[72].
Neurexins (Nrxn) are highly diverse pre-synaptic transmem-
brane proteins that are involved in axon guidance and synapse
morphogenesis and function [73]. There are three Nrxn genes,
Nrxn1-3, each containing two alternative promoters giving rise to
 and  isoforms. Moreover, combinatorial use of multiple alter-
native exons allows these genes to produce thousands of distinct
protein isoforms, which may  provide a molecular code for synap-
tic connectivity within neuronal networks [74]. However, some AS
events including the alternative exon 24a in the Nrxn3 3′UTR
transcripts have been shown to mediate translational repression
[73]. It is tempting to speculate that this might affect neuronal
network structure by ﬁne-tuning Nrxn3 expression levels.
3.4. Elements modulating mRNA localization in the cell
Targeting mRNA to speciﬁc locations within a cell affords spa-
tially restricted protein synthesis and has important functions
in development [75–82]. Cis-elements specifying mRNA localiza-
tion often reside in the 3′UTR [83] and thus can be regulated by
AS in this region. Indeed, mRNA of glial ﬁbrillary acidic protein
(GFAP) has several splice variants, of which GFAP uses a different
A3E compared to the predominant GFAP isoform [84]. Interest-
ingly, a larger fraction of GFAP transcripts localizes to astrocyte
protrusions as compared to GFAP and this difference can be
attributed to differences in the two 3′UTR sequences.
Similarly, three alternative 3′UTRs have been described for the
mRNA of human plakophilin 4 protein (Pkp4; p0071) involved in
the assembly of adherens junctions and desmosomes. Interestingly,
the nature of the 3′UTR determined whether the mRNA localized to
cellular protrusions during cell migration and only isoforms using
exon 21 as their A3E showed this behavior [85]. This effect appeared
to be cell type-speciﬁc thus hinting at possible involvement of addi-
tional factors.
4. The ORF region
The main ORF function is to provide a template for ribosome-
mediated protein production. However, this region can additionally
encode regulatory elements along with the amino-acid sequence
[86]. Below, we discuss how utilization of such non-coding features
can be regulated by AS.
4.1. Nonsense-mediated decay
An extensively studied strategy for ORF-encoded regulation
of mRNA behavior, involves functional coupling between AS and
cytoplasmic mRNA quality control mechanism called nonsense-
mediated decay (NMD). NMD  machinery detects and eliminates
mRNAs containing premature translation termination codons
(PTCs). In mammals, NMD  is thought to be mediated by interplay
between exon junction complexes (EJCs) deposited in the nucleus
upstream of most exon-exon splice junctions and the translation
termination complex (TTC) along with a host of additional factors
[87–90]. EJCs remain attached to the mRNA during its export from
the nucleus to the cytoplasm but are dislodged by the ribosomes
during the pioneering round of translation. Since most mammalian
exon–exon junctions occur within or relatively close to the ORF
region, a typical translationally active mRNAs rapidly loses its com-
plement of EJCs in the cytoplasm and becomes immune to NMD.
However, a PTC appearing through mutations, splicing errors or
AS, limits the sequence window accessible to translating ribosomes
such that one or several EJCs positioned downstream of the trun-
cated ORF remain attached to the mRNA and trigger mRNA decay
upon their interaction with the TTC.
Although initially identiﬁed as a surveillance mechanism
intercepting aberrant mRNAs, NMD  additionally functions in com-
bination with AS to orchestrate programmed changes in gene
expression levels. This mechanism (AS-NMD; also called RUST
from “Regulated Unproductive Splicing and Translation”) has been
described in several recent reviews [19–23,91]. We  will therefore
discuss only two AS-NMD scenarios recurring in developmental
contexts: control of master regulators of cellular RNA metabolism
and coordinated regulation of cell type-speciﬁc gene batteries.
The former scenario often involves negative feedback loops
mediated by interaction of an AS factor with its own pre-mRNA
and repression of an alternative exon essential for ORF integrity. For
example, polypyrimidine-binding protein 1 (Ptbp1/PTBP/hnRNP I)
promotes skipping of the ORF-maintaining exon 11 in its primary
transcripts which ensures homeostasis of this RNA-binding pro-
tein [92] (see [19,22,23] for other examples). On the other hand,
SR proteins and other splicing factors capable of splicing activation
maintain their expression homeostasis by stimulating utilization
of specialized (“poison”) alternative exons encoding an in-frame
PTC or shifting the ORF to expose a PTC in downstream constitutive
exons [19,93].
AS-NMD can additionally mediate cross-regulation between
distinct RNA-binding proteins (see e.g., [19,22,23]). In a recently
published example, STAR (signal transduction and activator of
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RNA) domain-containing splicing factor Slm2 has been shown to
repress expression of its paralog Slm1, thus ensuring correct AS in
mouse hippocampus [94]. Underscoring importance of this regula-
tion modality in development, most splicing factors controlled by
AS-NMD contribute to establishment and maintenance of cell type-
speciﬁc transcriptomes by coordinating large groups of AS events.
Moreover, many ORF-maintaining and poison exons in splicing fac-
tor genes are conserved across species and occasionally different
eukaryotic kingdoms [91,93,95–98].
Apart from splicing factors, AS-NMD is known to regulate many
other genes with important developmental and physiological func-
tions. One particularly interesting scenario is coordinated AS-NMD
regulation of cell type-speciﬁc genes. This mechanism is used to
co-regulate at least 86 functionally related genes in developing
granulocytes [99] and a sizeable fraction of differentiation-speciﬁc
genes during erythropoiesis [100]. Notably, a recent transcriptome
deep-sequencing effort uncovered 1014 AS-NMD exons utilized in
mouse cortex and showing a degree of evolutionary conservation
[101]. Interestingly, besides the expected enrichment for regula-
tors of RNA metabolism, a substantial fraction of genes containing
these exons encoded chromatin regulators. This ﬁnding might hint
at a large-scale AS-NMD coordination of functionally linked genes
in developing brain. In line with this notion, neuron-speciﬁc RBP
NOVA has been shown to have several important AS-NMD targets
[102]. Similarly, natural down-regulation of Ptbp1 in developing
neurons is known to promote expression of critical post-synaptic
components (e.g., Gabbr1 and PSD-95) and reduce expression of
non-neuronal markers through AS-NMD [103–105].
4.2. Nonsense-mediated translational repression
A subset of PTC-containing mRNAs may  escape NMD  and
become targets of a distinct cytoplasmic quality control known
as nonsense-mediated translational repression (NMTR; [106]).
Although molecular mechanisms underlying this process are not
understood completely, PTC recognition in some mRNAs requires
downstream EJCs [107]. Moreover, phosphorylation of a key NMD
key component, Upf1 protein, upon PTC recognition is known
to trigger translational repression prior to delivery of the tar-
geted mRNA to the decay machinery [108]. It is therefore possible
that NMTR represents an “incompletely executed” NMD  program.
However, NMTR could also coopt distinct molecular mechanisms,
e.g., acquisition of repressive cis-elements in the extended 3′UTR
sequence [109].
Similar to AS-NMD, combination of AS and NMTR may  con-
tribute to regulation of gene expression. For example, pre-mRNA of
pro-apoptotic Bak1 protein contains the 20-nt long cassette exon
N skipped in non-neuronal cells but activated in neurons. Inclu-
sion of this exon shifts Bak1 ORF and leads to the appearance of
a PTC. Notably, the PTC containing mRNA does not appear to be
targeted by NMD  but its translation is repressed in part due to the
presence of a downstream EJC [110,111]. Similarly, expression of
the actin-related transcriptional repressor of muscle-speciﬁc genes
Arp5 is controlled by a choice between two alternative 3′ splice
sites (ss) in exon 7 [109]. Preferential utilization of the down-
stream 3′ss in differentiated smooth muscle cells generates a PTC
and down-regulates Arp5 protein levels via both NMD  and NMTR.
Interestingly, a number of alternatively spliced mRNA isoforms
containing PTCs appear to escape NMD  in human HeLa cells, which
suggests that the repertoire of AS-NMTR targets might be substan-
tially wider than currently thought [112].
4.3. RNA quality control in the nucleus
Quality of eukaryotic mRNAs is also controlled in the nucleus
[113–115]. An important nuclear QC mechanism limits export of
incompletely spliced transcripts from the nucleus to the cyto-
plasm thus limiting their translation into aberrant polypeptides
[23,116–119]. In addition to nuclear sequestration, transcripts that
fail to complete splicing within biologically meaningful timeframes
are eliminated [23,113,119].
This nuclear retention and elimination (NRE) pathway can
function in combination with regulated intron splicing as a post-
transcriptional gene regulation mechanism. Regulated IR events
often occur in the ORF-encoding region, consistent with the over-
all enrichment of introns in this part of pre-mRNA. For example,
retention of intron 3 in the ORF of mouse apolipoprotein E (ApoE)
mRNA results is its efﬁcient sequestration in the nucleus [120].
Regulation of human RBP SRSF1/ASF/SF2 expression levels relies in
part on retention of an ORF-embedded intron that hinders nucle-
ocytoplasmic export of the incompletely spliced transcripts [121].
Ptbp1-stimulated intron retention followed by NRE has been shown
to prevent aberrant expression of several neuronal presynaptic
proteins in non-neuronal cells [119]. Similar mechanisms control
expression levels of the p53 inhibitor Mdm4 and several other pro-
teins in response to defects in the core splicing machinery or DNA
damage [122,123].
Recent transcriptome-wide analyses suggest that IR is an excep-
tionally common form of AS in animals and plants committing
large subsets of intron-containing mRNA isoforms to NRE or other
forms of nuclear quality control [123–125]. However, it is worth
noting that many intron-retained mRNAs appear to be efﬁciently
exported to the cytoplasm where they may  undergo NMD triggered
by intronic PTCs (e.g., [126]; see Section 4.1) or localize to sub-
cellular compartments speciﬁed by corresponding intron-encoded
cis-elements (see Section 4.4).
4.4. ORF-speciﬁc mRNA localization elements
A majority of cis-elements controlling mRNA localization in the
cell are thought to reside in the 3′UTR (see Section 3.4). However,
several such elements have been identiﬁed in the ORF region and
shown to be regulated by AS. For example, retention of intron 17a
in the protein-coding region of the mRNA of calcium-activated
big potassium channel (BKCa) targets this transcript to dendritic
compartment and modulates excitability of hippocampal neurons
through localized protein synthesis [127,128].
More recently, a number of neuronal transcripts have been
shown to contain unspliced introns enriched in SINE ID retroele-
ments mediating dendritic localization [129–131]. However, it still
remains to be investigated whether the ID-containing introns can
be removed from localized mRNAs in the cytoplasm to enable pro-
duction of full-length proteins [128–130,132].
Another example is the surface receptor Robo3 regulating com-
missural axon midline crossing in developing nervous system
[133]. The Robo3 gene produces two  alternative mRNA isoforms. Of
these, the completely spliced Robo3.1 encodes a full-length Robo3
protein whereas the alternative Robo3.2 isoform retains intron 26
connecting exons 26 and 27 and gives rise to a truncated pro-
tein terminated by a PTC. Notably, Robo3.1 mRNA is constitutively
translated before midline crossing inhibiting axon repulsion by the
Robo ligand Slit. On the other hand, Robo3.2 mRNA is transported
to the growth cone in a translationally silent form [134]. Upon
midline crossing it undergoes a short burst of translation followed
by rapid NMD  degradation [126]. This generates small amount of
Robo3.2 protein ensuring optimal repulsion of the contralateral
part of the axon from the midline. An exciting aspect of this regu-
lation circuitry is that intron 26 apparently contains cis-elements
modulating mRNA localization, translational efﬁciency and stabil-
ity.
ORF-encoded localization signals can also reside in alternative
exons, as shown for the mRNA of the Stardust (Sdt) protein involved
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in the establishment of epithelial cell polarity during Drosophila
embryogenesis [135]. This mRNA localizes to the apical side of the
cell and the cis-element necessary and sufﬁcient for this behav-
ior is embedded within the coding cassette exon 3. Interestingly,
inclusion of exon 3 diminishes during development, which results
in robust apical targeting of Sdt mRNA at early stages of epithe-
lial differentiation and its virtually uniform distribution in mature
epithelial cells.
5. Conclusions and perspectives
Recent gene expression studies relying on deep sequencing in
combination with more traditional molecular approaches have pro-
vided important insights into AS functions. We  now know that most
genes can generate more than one alternatively spliced transcript,
substantially augmenting proteome complexity. AS also widely
regulates mRNA stability, translation and localization. Blurring the
classical division of mRNA into protein-coding and regulatory non-
coding sequences, recent studies suggest that AS can expose or
mask cis-regulation elements in the ORF region as well as in the
5′ and 3′UTRs.
The widespread occurrence of such “non-coding” functions of
AS across eukaryotic domain and their occasional association with
ultraconserved sequences (e.g., many alternative exons modulat-
ing NMD; see Section 4.1) argue that there is a strong evolutionary
pressure to maintain this form of regulation. Do AS-dependent
mechanisms offer any advantages compared to other forms of
gene regulation, such as transcriptional control? We  see several
non-mutually exclusive possibilities that will be interesting to
address in future studies. (1) Regulating mRNA behavior through
AS may  reﬁne the “rough draft” of gene expression generated by
the transcription machinery. This could be useful for example in
differentiating gene expression outputs between distinct cell types
originating from a common progenitor or between physiological
states of the same cell. (2) AS may  stabilize expression of tar-
get genes by linking their abundance with that of corresponding
trans-acting factors. Indeed, many RBP regulators of AS are known
to be expressed at relatively stable levels – at least in part due
to post-transcriptional loops maintaining their own  homeostasis
and homeostasis of related RBPs (e.g., see Section 4.1). (3) Finally,
AS (and post-transcriptional regulation in general) might change
gene product concentrations more rapidly than it would be pos-
sible though purely transcriptional switches, which often involve
time-consuming chromatin modiﬁcation and initiation complex
assembly steps. This would be especially valuable during rapid
developmental transitions and in response to environmental cues.
We predict that ongoing analyses of high-throughput transcrip-
tomics data will identify additional examples of non-coding roles
for alternative pre-mRNA splicing events. Important challenges in
this ﬁeld include detailed mechanistic understanding of tissue- and
cell-type speciﬁc AS and downstream regulation pathways includ-
ing mRNA quality control and subcellular localization. There could
be a considerable degree of crosstalk between distinct branches of
AS-coupled post-transcriptional regulation (e.g.[126]) and further
investigation of these molecular ties will likely result in exciting
new discoveries. Akin to many other areas of life sciences, emerging
technologies for rapid genome engineering and single-cell analyses
will undoubtedly accelerate progress in this ﬁeld bringing us closer
to quantitative understanding of gene regulation mechanisms in
developing systems.
Acknowledgements
We  thank Snezhka Oliferenko for useful comments on the
manuscript and apologize to our colleagues whose work we could
not mention due to space limitations. This effort was  supported by
the National Medical Research Council (NMRC/CBRG/0028/2013;
E.V.M.) and Biotechnology and Biological Sciences Research Council
(BB/M001199/1; E.V.M.).
References
[1] Sharp PA. Split genes and RNA splicing. Cell 1994;77(6):805–15.
[2] Han J, et al. Pre-mRNA splicing: where and when in the nucleus. Trends Cell
Biol  2011;21(6):336–43.
[3] Kornblihtt AR, et al. Alternative splicing: a pivotal step between eukaryotic
transcription and translation. Nat. Rev. Mol. Cell Biol 2013;14(3):153–65.
[4] Matera AG, Wang Z. A day in the life of the spliceosome. Nat. Rev. Mol. Cell
Biol 2014;15(2):108–21.
[5] Chen W,  Moore MJ.  The spliceosome: disorder and dynamics deﬁned. Curr.
Opin. Struct. Biol 2014;24:141–9.
[6] Berget SM,  Moore C, Sharp PA. Spliced segments at the 5′ terminus of
adenovirus 2 late mRNA. Proc. Natl. Acad. Sci. U. S. A 1977;74(8):3171–5.
[7] Chow LT, et al. An amazing sequence arrangement at the 5′ ends of
adenovirus 2 messenger RNA. Cell 1977;12(1):1–8.
[8] Gilbert W.  Why  genes in pieces? Nature 1978;271(5645):501.
[9] Early P, et al. Two mRNAs can be produced from a single immunoglobulin
mu  gene by alternative RNA processing pathways. Cell 1980;20(2):313–9.
[10] Black DL. Mechanisms of alternative pre-messenger RNA splicing. Annu.
Rev. Biochem 2003;72:291–336.
[11] Wang Z, Burge CB. Splicing regulation: from a parts list of regulatory
elements to an integrated splicing code. RNA 2008;14(5):802–13.
[12] Wang ET, et al. Alternative isoform regulation in human tissue
transcriptomes. Nature 2008;456(7221):470–6.
[13] Pan Q, et al. Deep surveying of alternative splicing complexity in the human
transcriptome by high-throughput sequencing. Nat. Genet
2008;40(12):1413–5.
[14] Merkin J, et al. Evolutionary dynamics of gene and isoform regulation in
Mammalian tissues. Science 2012;338(6114):1593–9.
[15] de Klerk E, t Hoen PA. Alternative mRNA transcription, processing, and
translation: insights from RNA sequencing. Trends Genet 2015;31:128–39.
[16] Maniatis T, Tasic B. Alternative pre-mRNA splicing and proteome expansion
in  metazoans. Nature 2002;418(6894):236–43.
[17] Nilsen TW,  Graveley BR. Expansion of the eukaryotic proteome by
alternative splicing. Nature 2010;463(7280):457–63.
[18] Braunschweig U, et al. Dynamic integration of splicing within gene
regulatory pathways. Cell 2013;152(6):1252–69.
[19] Hamid FM,  Makeyev EV. Emerging functions of alternative splicing coupled
with nonsense-mediated decay. Biochem. Soc. Trans 2014;42(4):1168–73.
[20] Lareau LF, et al. The coupling of alternative splicing and nonsense-mediated
mRNA decay. Adv. Exp. Med. Biol 2007;623:190–211.
[21] McGlincy NJ, Smith CW.  Alternative splicing resulting in nonsense-mediated
mRNA decay: what is the meaning of nonsense? Trends Biochem. Sci
2008;33(8):385–93.
[22] Sibley CR. Regulation of gene expression through production of unstable
mRNA isoforms. Biochem. Soc. Trans 2014;42(4):1196–205.
[23] Yap K, Makeyev EV. Regulation of gene expression in mammalian nervous
system through alternative pre-mRNA splicing coupled with RNA quality
control mechanisms. Mol. Cell. Neurosci 2013;56:420–8.
[24] Kong J, Lasko P. Translational control in cellular and developmental
processes. Nat. Rev. Genet 2012;13(6):383–94.
[25] Pickering BM,  Willis AE. The implications of structured 5′ untranslated
regions on translation and disease. Semin. Cell Dev. Biol 2005;16(1):39–47.
[26] Davuluri RV, et al. The functional consequences of alternative promoter use
in mammalian genomes. Trends Genet 2008;24(4):167–77.
[27] Barbosa C, Peixeiro I, Romao L. Gene expression regulation by upstream
open reading frames and human disease. PLoS Genet 2013;9(8):e1003529.
[28] Somers J, Poyry T, Willis AE. A perspective on mammalian upstream open
reading frame function. Int. J. Biochem. Cell Biol 2013;45(8):1690–700.
[29] von Arnim AG, Jia Q, Vaughn JN. Regulation of plant translation by upstream
open reading frames. Plant Sci 2014;214:1–12.
[30] Wethmar K, et al. uORFdb – a comprehensive literature database on
eukaryotic uORF biology. Nucleic Acids Res 2014;42(Database issue):D60–7.
[31] Calvo SE, Pagliarini DJ, Mootha VK. Upstream open reading frames cause
widespread reduction of protein expression are polymorphic among
humans. Proc. Natl. Acad. Sci. U. S. A 2009;106(18):7507–12.
[32] Lee S, et al. Global mapping of translation initiation sites in mammalian cells
at single-nucleotide resolution. Proc. Natl. Acad. Sci. U.  S. A
2012;109(37):E2424–32.
[33] Siitonen N, et al. Association of sequence variations in the gene encoding
adiponectin receptor 1 (ADIPOR1) with body size and insulin levels. The
Finnish Diabetes Prevention Study. Diabetologia 2006;49(8):1795–805.
[34] Ashwal R, et al. Differential expression of novel adiponectin receptor-1
transcripts in skeletal muscle of subjects with normal glucose tolerance and
type 2 diabetes. Diabetes 2011;60(3):936–46.
[35] Cavatorta AL, et al. Regulation of translational efﬁciency by different splice
variants of the Disc large 1 oncosuppressor 5′-UTR. FEBS J
2011;278(14):2596–608.
38 S. Mockenhaupt, E.V. Makeyev / Seminars in Cell & Developmental Biology 47–48 (2015) 32–39
[36] Mansilla A, et al. Developmental regulation of a proinsulin messenger RNA
generated by intron retention. EMBO Rep 2005;6(12):1182–7.
[37] Martinez-Campos E, et al. Alternative splicing variants of proinsulin mRNA
and the effects of excess proinsulin on cardiac morphogenesis. FEBS Lett
2013;587(14):2272–7.
[38] Wang G, Guo X, Floros J. Differences in the translation efﬁciency and mRNA
stability mediated by 5′-UTR splice variants of human SP-A1 and SP-A2
genes. Am.  J. Physiol. Lung Cell. Mol. Physiol 2005;289(3):L497–508.
[39] Silveyra P, Wang G, Floros J. Human SP-A1 (SFTPA1) variant-speciﬁc 3′ UTRs
and poly(A) tail differentially affect the in vitro translation of a reporter
gene. Am.  J. Physiol. Lung Cell. Mol. Physiol 2010;299(4):L523–34.
[40] Tsotakos N, et al. Regulation of translation by upstream translation initiation
codons of surfactant protein A1 splice variants. Am. J. Physiol. Lung Cell.
Mol. Physiol 2015;308(1):L58–75.
[41] Bockmuhl Y, et al. Differential regulation and function of 5′-untranslated
GR-exon 1 transcripts. Mol. Endocrinol 2011;25(7):1100–10.
[42] Chen J, et al. 5′-UTR mediated translational control of splicing assembly
factor RNP-4F expression during development of the Drosophila central
nervous system. Gene 2013;528(2):154–62.
[43] Vaughn JC, Ghosh S, Chen J. A phylogenetic study of splicing assembly
chaperone RNP-4F associated U4-/U6-snRNA secondary structure. Open J.
Anim. Sci 2013;3(48):36–48.
[44] Remy E, et al. Intron retention in the 5′UTR of the novel ZIF2 transporter
enhances translation to promote zinc tolerance in Arabidopsis. PLoS Genet
2014;10(5):e1004375.
[45] Shalev A, et al. A proinsulin gene splice variant with increased translation
efﬁciency is expressed in human pancreatic islets. Endocrinology
2002;143(7):2541–7.
[46] Di Giammartino DC, Nishida K, Manley JL. Mechanisms and consequences of
alternative polyadenylation. Mol. Cell 2011;43(6):853–66.
[47] Akman HB, Erson-Bensan AE. Alternative polyadenylation and its impact on
cellular processes. Microrna 2014;3(1):2–9.
[48] Zheng D, Tian B. RNA-binding proteins in regulation of alternative cleavage
and polyadenylation. Adv. Exp. Med. Biol 2014;825:97–127.
[49] Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell
2009;136(2):215–33.
[50] Bushati N, Cohen SM.  microRNA functions. Annu. Rev. Cell Dev. Biol
2007;23:175–205.
[51] Ivey KN, Srivastava D. MicroRNAs as regulators of differentiation and cell
fate decisions. Cell Stem Cell 2010;7(1):36–41.
[52] Wu CT, et al. Fine-tuning of microRNA-mediated repression of mRNA by
splicing-regulated and highly repressive microRNA recognition element.
BMC  Genomics 2013;14:438.
[53] Andolfo I, et al. Regulation of divalent metal transporter 1 (DMT1) non-IRE
isoform by the microRNA Let-7d in erythroid cells. Haematologica
2010;95(8):1244–52.
[54] Lu Y, et al. Alternative splicing of MBD2 supports self-renewal in human
pluripotent stem cells. Cell Stem Cell 2014;15(1):92–101.
[55] Salomonis N, et al. Alternative splicing regulates mouse embryonic stem cell
pluripotency differentiation. Proc. Natl. Acad. Sci. U. S. A
2010;107(23):10514–9.
[56] Kuwano Y, et al. Transformer 2beta and miR-204 regulate apoptosis through
competitive binding to 3′ UTR of BCL2 mRNA. Cell Death Differ
2014;22(5):815–25.
[57] Szostak E, Gebauer F. Translational control by 3′-UTR-binding proteins. Brief
Funct. Genomics 2013;12(1):58–65.
[58] Glisovic T, et al. RNA-binding proteins and post-transcriptional gene
regulation. FEBS Lett 2008;582(14):1977–86.
[59] Barreau C, Paillard L, Osborne HB. AU-rich elements and associated factors:
are there unifying principles? Nucleic Acids Res 2005;33(22):
7138–50.
[60] Brooks SA, Blackshear PJ. Tristetraprolin (TTP): interactions with mRNA and
proteins, and current thoughts on mechanisms of action. Biochim. Biophys.
Acta 2013;1829(6–7):666–79.
[61] Gratacos FM,  Brewer G. The role of AUF1 in regulated mRNA decay. Wiley
Interdiscip. Rev. RNA 2010;1(3):457–73.
[62] Simone LE, Keene JD. Mechanisms coordinating ELAV/Hu mRNA regulons.
Curr. Opin. Genet. Dev 2013;23(1):35–43.
[63] Hitti E, Khabar KS. Sequence variations affecting AU-rich element function
and  disease. Front. Biosci. (Landmark Ed.) 2012;17:1846–60.
[64] Luchin AI, et al. AU-rich elements in the 3′-UTR regulate the stability of the
141  amino acid isoform of parathyroid hormone-related protein mRNA.
Mol. Cell. Endocrinol 2012;364(1–2):105–12.
[65] Clevers H. Wnt/beta-catenin signaling in development and disease. Cell
2006;127(3):469–80.
[66] Thiele A, et al. AU-rich elements and alternative splicing in the beta-catenin
3′UTR can inﬂuence the human beta-catenin mRNA stability. Exp. Cell Res
2006;312(12):2367–78.
[67] t Hoen PA, et al. mRNA degradation controls differentiation state-dependent
differences in transcript and splice variant abundance. Nucleic Acids Res
2011;39(2):556–66.
[68] Avendano-Vazquez SE, et al. Autoregulation of TDP-43 mRNA levels
involves interplay between transcription, splicing, and alternative polyA site
selection. Genes Dev 2012;26(15):1679–84.
[69] Mikl M,  Cowan CR. Alternative 3′ UTR selection controls PAR-5 homeostasis
and cell polarity in C. elegans embryos. Cell Rep 2014;8(5):1380–90.
[70] Racki WJ,  Richter JD. CPEB controls oocyte growth and follicle development
in  the mouse. Development 2006;133(22):4527–37.
[71] Eliscovich C, et al. Spindle-localized CPE-mediated translation controls
meiotic chromosome segregation. Nat. Cell Biol 2008;10(7):
858–65.
[72] Bava FA, et al. CPEB1 coordinates alternative 3′-UTR formation with
translational regulation. Nature 2013;495(7439):121–5.
[73] Schreiner D, et al. Targeted combinatorial alternative splicing generates
brain region-speciﬁc repertoires of neurexins. Neuron 2014;84(2):
386–98.
[74] Williams ME,  de Wit  J, Ghosh A. Molecular mechanisms of synaptic
speciﬁcity in developing neural circuits. Neuron 2010;68(1):9–18.
[75] Zarnack K, Feldbrugge M.  mRNA trafﬁcking in fungi. Mol. Genet. Genomics
2007;278(4):347–59.
[76] Holt CE, Bullock SL. Subcellular mRNA localization in animal cells and why it
matters. Science 2009;326(5957):1212–6.
[77] Nevo-Dinur K, et al. Translation-independent localization of mRNA in E. coli.
Science 2011;331(6020):1081–4.
[78] Weatheritt RJ, Gibson TJ, Babu MM.  Asymmetric mRNA localization
contributes to ﬁdelity and sensitivity of spatially localized systems. Nat.
Struct. Mol. Biol 2014;21(9):833–9.
[79] Martin KC, Ephrussi A. mRNA localization: gene expression in the spatial
dimension. Cell 2009;136(4):719–30.
[80] Shahbabian K, Chartrand P. Control of cytoplasmic mRNA localization. Cell.
Mol. Life Sci 2011;69(4):535–52.
[81] Weis BL, Schleiff E, Zerges W.  Protein targeting to subcellular organelles via
MRNA localization. Biochim. Biophys. Acta 2013;1833(2):260–73.
[82] Jung H, et al. Remote control of gene function by local translation. Cell
2014;157(1):26–40.
[83] Andreassi C, Riccio A. To localize or not to localize: mRNA fate is in 3′UTR
ends. Trends Cell Biol 2009;19(9):465–74.
[84] Thomsen R, et al. Alternative mRNA splicing from the glial ﬁbrillary acidic
protein (GFAP) gene generates isoforms with distinct subcellular mRNA
localization patterns in astrocytes. PLOS ONE 2013;8(8):e72110.
[85] Jakobsen KR, et al., Direct RNA. sequencing mediated identiﬁcation of mRNA
localized in protrusions of human MDA-MB-231 metastatic breast cancer
cells. J. Mol. Signal 2013;8(1):9.
[86] Lee EK, Gorospe M.  Coding region: the neglected post-transcriptional code.
RNA Biol 2011;8(1):44–8.
[87] Mendell JT, et al. Nonsense surveillance regulates expression of diverse
classes of mammalian transcripts and mutes genomic noise. Nat. Genet
2004;36(10):1073–8.
[88] Chang YF, Imam JS, Wilkinson MF.  The nonsense-mediated decay RNA
surveillance pathway. Annu. Rev. Biochem 2007;76:51–74.
[89] Popp MW,  Maquat LE. Organizing principles of mammalian
nonsense-mediated mRNA decay. Annu. Rev. Genet 2013;47:139–65.
[90] Schweingruber C, et al. Nonsense-mediated mRNA decay – mechanisms of
substrate mRNA recognition and degradation in mammalian cells. Biochim.
Biophys. Acta 2013;1829(6–7):612–23.
[91] Lewis BP, Green RE, Brenner SE. Evidence for the widespread coupling of
alternative splicing and nonsense-mediated mRNA decay in humans. Proc.
Natl. Acad. Sci. U. S. A 2003;100(1):189–92.
[92] Wollerton MC,  et al. Autoregulation of polypyrimidine tract binding protein
by  alternative splicing leading to nonsense-mediated decay. Mol. Cell
2004;13(1):91–100.
[93] Lareau LF, et al. Unproductive splicing of SR genes associated with highly
conserved and ultraconserved DNA elements. Nature
2007;446(7138):926–9.
[94] Traunmuller L, Bornmann C, Scheiffele P. Alternative splicing coupled
nonsense-mediated decay generates neuronal cell type-speciﬁc expression
of  SLM proteins. J. Neurosci 2014;34(50):16755–61.
[95] Ni JZ, et al. Ultraconserved elements are associated with homeostatic
control of splicing regulators by alternative splicing and nonsense-mediated
decay. Genes Dev 2007;21(6):708–18.
[96] Hansen KD, et al. Genome-wide identiﬁcation of alternative splice forms
down-regulated by nonsense-mediated mRNA decay in Drosophila. PLoS
Genet 2009;5(6):e1000525.
[97] Kalyna M,  et al. Alternative splicing and nonsense-mediated decay modulate
expression of important regulatory genes in Arabidopsis. Nucleic Acids Res
2012;40(6):2454–69.
[98] Lareau LF, Brenner SE. Regulation of splicing factors by alternative splicing
and NMD  is conserved between kingdoms yet evolutionarily ﬂexible. Mol.
Biol. Evol 2015;32.
[99] Wong JJ, et al. Orchestrated intron retention regulates normal granulocyte
differentiation. Cell 2013;154(3):583–95.
[100] Pimentel H, et al. A dynamic alternative splicing program regulates gene
expression during terminal erythropoiesis. Nucleic Acids Res
2014;42(6):4031–42.
[101] Yan Q, et al. Systematic discovery of regulated and conserved alternative
exons in the mammalian brain reveals NMD  modulating chromatin
regulators. Proc. Natl. Acad. Sci. U. S. A 2015;112:3445–50.
[102] Eom T, et al. NOVA-dependent regulation of cryptic NMD exons controls
synaptic protein levels after seizure. Elife 2013;2:e00178.
[103] Hamid FM,  Makeyev EV. Regulation of mRNA abundance by polypyrimidine
tract-binding protein-controlled alternate 5′ splice site choice. PLoS Genet
2014;10(11):e1004771.
S. Mockenhaupt, E.V. Makeyev / Seminars in Cell & Developmental Biology 47–48 (2015) 32–39 39
[104] Makeyev EV, et al. The MicroRNA miR-124 promotes neuronal
differentiation by triggering brain-speciﬁc alternative pre-mRNA splicing.
Mol. Cell 2007;27(3):435–48.
[105] Zheng S, et al. PSD-95 is post-transcriptionally repressed during early neural
development by PTBP1 and PTBP2. Nat. Neurosci 2012;15(3):381–8. S1.
[106] You KT, et al. Selective translational repression of truncated proteins from
frameshift mutation-derived mRNAs in tumors. PLoS Biol 2007;5(5):e109.
[107] Lee HC, et al. Nonsense-mediated translational repression involves exon
junction complex downstream of premature translation termination codon.
FEBS Lett 2010;584(4):795–800.
[108] Isken O, et al. Upf1 phosphorylation triggers translational repression during
nonsense-mediated mRNA decay. Cell 2008;133(2):314–27.
[109] Morita T, Hayashi K. Arp5 is a key regulator of myocardin in smooth muscle
cells. J. Cell Biol 2014;204(5):683–96.
[110] Jakobson M,  Lintulahti A, Arumae U. mRNA for N-Bak, a neuron-speciﬁc
BH3-only splice isoform of Bak, escapes nonsense-mediated decay and is
translationally repressed in the neurons. Cell Death Dis 2012;3:e269.
[111] Jakobson M,  et al. Multiple mechanisms repress N-Bak mRNA translation in
the  healthy and apoptotic neurons. Cell Death Dis 2013;4:e777.
[112] McGlincy NJ, et al. Expression proteomics of UPF1 knockdown in HeLa cells
reveals autoregulation of hnRNP A2/B1 mediated by alternative splicing
resulting in nonsense-mediated mRNA decay. BMC  Genomics 2010;11:565.
[113] Vasudevan S, Peltz SW.  Nuclear mRNA surveillance. Curr. Opin. Cell Biol
2003;15(3):332–7.
[114] Porrua O, Libri D. RNA quality control in the nucleus: the Angels’ share of
RNA. Biochim. Biophys. Acta 2013;1829(6–7):604–11.
[115] Fasken MB,  Corbett AH. Mechanisms of nuclear mRNA quality control. RNA
Biol  2009;6(3):237–41.
[116] Chang DD, Sharp PA. Regulation by HIV Rev depends upon recognition of
splice sites. Cell 1989;59(5):789–95.
[117] Legrain P, Rosbash M.  Some cis- and trans-acting mutants for splicing target
pre-mRNA to the cytoplasm. Cell 1989;57(4):573–83.
[118] Natalizio BJ, Wente SR. Postage for the messenger: designating routes for
nuclear mRNA export. Trends Cell Biol 2013;23(8):365–73.
[119] Yap K, et al. Coordinated regulation of neuronal mRNA steady-state levels
through developmentally controlled intron retention. Genes Dev
2012;26(11):1209–23.
[120] Xu Q, et al. Intron-3 retention/splicing controls neuronal expression of
apolipoprotein E in the CNS. J. Neurosci 2008;28(6):1452–9.
[121] Sun S, et al. SF2/ASF autoregulation involves multiple layers of
post-transcriptional and translational control. Nat. Struct. Mol. Biol
2010;17(3):306–12.
[122] Bezzi M,  et al. Regulation of constitutive and alternative splicing by PRMT5
reveals a role for Mdm4  pre-mRNA in sensing defects in the spliceosomal
machinery. Genes Dev 2013;27(17):1903–16.
[123] Boutz PL, Bhutkar A, Sharp PA. Detained introns are a novel, widespread
class of post-transcriptionally spliced introns. Genes Dev 2015;29(1):63–80.
[124] Braunschweig U, et al. Widespread intron retention in mammals
functionally tunes transcriptomes. Genome Res 2014;24(11):1774–86.
[125] Gohring J, Jacak J, Barta A. Imaging of endogenous messenger RNA splice
variants in living cells reveals nuclear retention of transcripts inaccessible to
nonsense-mediated decay in Arabidopsis. Plant Cell 2014;26(2):754–64.
[126] Colak D, et al. Regulation of axon guidance by compartmentalized
nonsense-mediated mRNA decay. Cell 2013;153(6):1252–65.
[127] Bell TJ, et al. Cytoplasmic BK(Ca) channel intron-containing mRNAs
contribute to the intrinsic excitability of hippocampal neurons. Proc. Natl.
Acad. Sci. U. S. A 2008;105(6):1901–6.
[128] Bell TJ, et al. Intron retention facilitates splice variant diversity in
calcium-activated big potassium channel populations. Proc. Natl. Acad. Sci.
U. S. A 2010;107(49):21152–7.
[129] Buckley PT, et al. Cytoplasmic intron sequence-retaining transcripts can be
dendritically targeted via ID element retrotransposons. Neuron
2011;69(5):877–84.
[130] Khaladkar M,  et al. Subcellular RNA sequencing reveals broad presence of
cytoplasmic intron-sequence retaining transcripts in mouse and rat
neurons. PLOS ONE 2013;8(10):e76194.
[131] Khanam T, et al. Can ID repetitive elements serve as cis-acting dendritic
targeting elements? An in vivo study. PLoS ONE 2007;2(9):e961.
[132] Buckley PT, et al. Cytoplasmic intron retention, function, splicing, and the
sentinel RNA hypothesis. Wiley Interdiscip. Rev. RNA 2014;5(2):223–30.
[133] Sabatier C, et al. The divergent Robo family protein rig-1/Robo3 is a negative
regulator of slit responsiveness required for midline crossing by
commissural axons. Cell 2004;117(2):157–69.
[134] Chen Z, et al. Alternative splicing of the Robo3 axon guidance receptor
governs the midline switch from attraction to repulsion. Neuron
2008;58(3):325–32.
[135] Horne-Badovinac S, Bilder D. Dynein regulates epithelial polarity and the
apical localization of stardust A mRNA. PLoS Genet 2008;4(1):e8.
